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Abstract 
Cont~} of the leading-edge vortices on a delta wing was exerted via localized suction . .,,.- --
The exp rimental technique used for flow visualization was a variation of the dye injection 
techniqu :/\ A high speed video camera was connected syncronously with a high intensity ',~ ) 
strobe in order to record flow visualization images. 
The first stage of research involved placing the suction probe at different locations 
along the chord of the wing. Response times were recorded, and momentum coefficients were 
varied in order to establish relationships between the variables. The next stage of research 
involved placing the suction probe at different locations along the span of the wing. Again 
response times were recorded, and momentum coefficients were varied in order to establish 
relationships between variables. 
Finally, flow visualization was compared to the experimental data, and conclusions 
were drawn about the transient flow structure of the vortex breakdown. 
1 
-1.1 Scope and Objectives 
Chapter 1 
Introduction 
The main objective of this study is the investigation of the flow structure about 
a delta wing. Specifically this study will attempt to understand the effect of localized 
suction on the breakdown location of leading-edge vortices over a delta wing at 
moderately high angle of attack. Delta wings are of interest mainly because of their 
proven performance in applications such as high speed military aircraft. Although the 
steady flow about a delta wing has been studied and reasonably well understood for 
many years, only recently has emphasis been placed on understanding the unsteady 
flow characteristics of the delta wing. 
If more gains are to be made in the performance of delta wings, they most likely 
will have to be made in the area of unsteady flow. In order to get a better 
understanding of these unsteady flows, one must first fully investigate the flow field by 
visualization techniques. Only then can the various features of the delta wing flow 
field be investigated. This study hopes to show that the flow field can be changed 
appreciably by the presence of localized suction, and the performance characteristiscs 
favorably altered as well. 
The method used for flow visualization is dye injection. Although this technique 
is not new, it does present quite a challenge in the making of a prototype model. 
Emphasis was placed on experimenting with new variations of proven flow visualization 
techniques. 
While greater control and performance gains in delta wings are the ultimate goal 
of the study, a better understanding of the fluid mechanics involved with the localized 
suction technique is also desired. Additionally, this investigation is concerned with the 
quantitative aspects of the flow such as response times and momentum coefficients of 
the vortex breakdown, and how these parameters compare with those obtained using 
other techniques. Finally, the optimization of parameters influencing voretex breakdown 
such as probe location, suction momentum coefficients, Reynolds number, angle of 
2 
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attack, and response time is desired, as well as the relationships between those 
parameters. 
1.2 Overall Structure of Flow Past Delta Wings 
Delta wings are a specific variety of wings, and are considered a subset of a 
larger class of wings, namely those with swept back leading-edges. Swept leading-edge 
style wings are especially important in high speed aircraft because of their inherent 
structural stability. Delta wings have a specific planform, which is triangular in shape. 
\ 
Illustrations of the features of delta wings are given in figure 1. The apex is 
defined as the intersection of the two leading edges. The semi-span, b, is half the base 
of the triangle. The root chord, C, is the perpendicular distance from the apex to the 
trailing-edge. The sweep angle, ¢, is the the inscribed angle between a perpendicular to 
the chord, and the leading-edge. Finally, the aspect ratio is defined as follows: A== b
2 /S, 
where S is the surface area of the wing. In the case of delta wings, the aspect ratio is 
inversely proportional to the sweep angle. For the delta wing used in this experiment 
¢=75 °, and the aspect ratio is nearly unity. The pressure side of the wing refers to the 
lower surface, while the suction side corresponds to the upper surface. Lastly, the angle 
of attack, a, is that angle between the wing and the mean flow. 
One of the more prominent features of the delta wing flow structure is the 
separation that occurs along the leading-edge. Whenever a delta wing is at an angle of 
attack the mean flow separates along the entire length of the leading-edge. This 
separated shear flow then rolls up as seen in figure 2 into two vortices. The circulation 
of these vortices is proportional to the angle of attack. 
Most conventional wings stall at an angle of attack higher than 15 degrees, 
however delta wings do not. Their lift curves increase with higher angle of attack, in 
some cases to 35 degrees and beyond. This is due to the leading-edge vortices. 
Polhamus (1971) has shown that the lift produced by a delta wing is actually the sum of 
the potential theory component and a vortex induced component. At higher angles of 
attack the circulation of these vortices increases. Increased circulation in the core of the 
vortex correspond to higher velocities in the core. These high velocities produce strong 
3 
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negative pressure coefficients, which enhance the lift of the delta wing. Thus, control of 
these leading-edge vortices becomes important. 
Although delta wings may operate at much higher angles of attack, there does 
exist a point at which they stall. This is caused by vortex breakdown. Breakdown is 
the sudden stagnation of the core of the vortex and an abrupt transition to turbulent 
flow. Much work has been done by Magness (1987) to show the relationship between 
angle of attack and vortex breakdown position. As the angle of attack increases the 
vortex breakdown position slowly moves upstream beyond the trailing-edge, toward the 
apex. Once the vortex breaks down at the apex the wing is completely stalled. 
As the breakdown position moves upstream over the wing, the lift is adversely 
affected. Following vortex breakdown, the velocities are much lower and the flow 
experiences a transition to turbulence. Hummel and Srinivasan (1966) have shown that 
in these regions of turbulent flow smaller negative pressure coefficients result, causing a 
loss of lift. In addition they have shown that the lift, drag, and pitching moment 
coefficient all become non-linear as the vortex breakdown location crosses the trailing-
edge. 
Hummel and Srinivasan also found that vortex breakdown occurs at lower angles 
of attack on wings with higher aspect ratios. This correlates well with Polhamus' 
finding that vortex induced lift is a greater portion of total lift for low aspect ratio 
wings. It has also been shown by Lambourne and Bryer (1961) that Reynolds number 
does not appreciably vary the vortex breakdown location. Lastly, research conducted 
by Elle ( 1955) indicates that the angle of attack at which the vortex breakdown location 
crosses the trailing-edge increases with increasing sweep angle. 
While increasing the sweep angle of a delta wing may enable higher 1angles of 
attack, Levin and Katz (1983) have shown that for sweep angles larger than 70° a 
phenomenon known as "wing rock" occurs. Wing rock is a sudden flow-induced 
oscillation of the wing about the root chord. Once the wing enters a rolling mode of 
oscillation, it is very difficult to recover. This condition is initiated by asymmetric 
breakdown of the leading-edge vortices, however it is perpetuated by energy supplied by 
the mean flow. Asymmetric breakdown is usually caused by the leading-edge vortices 
interfering with one another due to their close proximity. 
4 
1.3 Vortex breakdown 
The phenomenon of vortex breakdown is central to understanding of the flow 
structure about a delta wing. It has a substantial impact on every aspect of delta wing 
performance, including lift, drag, pitching moment, rolling moment, and overall stability. 
Though much research has been done in the area of vortex breakdown, as yet very little 
is known, and models to understand and predict the breakdown behavior of. these 
vortices are unavailable. 
Vortex breakdown is the abrupt and catastrophic stagnation of the vortex core. 
Immediately following breakdown is a region of flow reversal, and a subsequent 
turbulent transition. The vortex core suddenly appears to burst into a chaotic swirling 
turbulent flow pattern. 
In an effort to better understand vortex breakdown, Harvey (1962) devised an 
artificial vortex generation tu be. This device used a series of vanes to generate a 
swirling inlet flow and create a vortex, which then could be studied. The angle of the 
vanes determined the amount of swirl introduced to the flow. The vortex generation 
tube allowed for careful and controlled study of vortex generation and breakdown. 
Leibovich (1984) found that one of the most important flow field parameters 
that has an effect on vortex breakdown is the swirl angle, which is defined as 
~=tan-1v /w where v is the characteristic azimuthal, or swirl velocity and w is the axial 
vet~ity: Values of the swirl angle near 40 to 45 degrees are common at the breakdown 
-------
locMj,6n. Swirl angles below 40 degrees are typically stable, while above this critical 
angle the vortex invariably breaks down. This implies that the swirl and axial velocities 
are nearly equal at breakdown, and axial velocities greater than azimuthal velocities 
\ create a stable situation. Additionally it was found that as the swirl angle increases the 
vortex breakdown location moves upstream. 
The other parameter that is seen to greatly affect vortex breakdown is the 
presence of an adverse pressure gradient. Sarpkaya {1974) found that the existence of 
an adverse pressure gradient causes the onset of vortex breakdown, and as the pressure 
gradient increases, the breakdown position moves upstream. 
5 
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Vortex breakdown characteristically occurs in two forms: spiral and bubble 
modes. Faler and Leibovich (1977) observed many different breakdown mechanisms, 
however the spiral and bubble modes predominate. Figure 3 is a photograph obtained 
from Lambourne and Bryer (1961) illustrating both modes of breakdown. Although 
both modes are observed, the spiral mode of breakdown is more common in delta wing 
flows. 
' 
Studies of vortex breakdown in tube flows have shown that breakdown mode is 
closely correlated with the swirl angle. Low swirl angles and consequently low swirl 
velocities are associated with the spiral mode of breakdown. As the swirl velocity 
increases relative to the axial velocity, the breakdown position is observed to move 
upstream. There is, however, a point at which the breakdown undergoes a transition 
into the bubble mode of breakdown. This transition point is not strictly defined, and a 
situation in which both modes seem to alternate may occur. Above a certain threshold 
of increasing swirl velocity only the bubble mode occurs. 
Leibovich ( 1978) attempts to classify the vortex structure into three additional 
regions. The first is the approach flow, which is that part of the vortex upstream of the 
breakdown location. This is considered to be closely approximated by a paten tial flow 
with a concentrated vortex core containing most of the vorticity. In this region the 
axial velocity profile is considered to be a jet-like profile with very little variation in the 
streamwise direction. The second region is the breakdown region which may further be 
broken down into three sub-regions: the deceleration zone in which the core flow 
encounters a stagnation point; the reverse flow zone; and the axial flow restoration zone. 
Finally, the third region of the vortex structure is the wake region, where the flow 
closely approximates a bluff body wake. 
1.4 Vortex Control Techniques 
Recently, in an attempt to control the leading-edge vortices on delta wings, 
researchers have employed blowing techniques to influence the vortex breakdown 
position. Wood and Roberts (1987) have achieved intere.sting results using a tangential 
leading-edge blowing technique. Another technique using jet blowing was investigated 
by Shi, Wu, and Vakili (1987). Finally, a second jet blowing technique was pursued by 
6 
Visser, Iwanski, Nelson and Ng {1988). All three of these methods show promise. 
As seen in figure 4, Wood and Roberts devised a delta wing with a thin slit 
running the length of the leading-edge, through which a high momentum jet of fluid was 
passed. By introducing this jet of fluid into the core of the vortex, Wood and Roberts 
attempted to move the vortex location inboard on the suction side of the wing, as seen 
in figure 4a. Moving the standing vortex inboard, and enhancing circulation would 
theoretically provide higher swirl velocities, and corresponding higher negative pressure 
coefficients, thus creating more lift. This circulation control concept requires very 
rounded leading-edges on the wing, as opposed to the more common sharp edge 
configuration. 
The tangential leading-edge blowing technique gave rather encouraging results. 
The performance envelope for this wing was expanded as Wood and Roberts had hoped. 
Much higher angles of attack were attainable with the tangential blowing on, than were 
previously observed. Without tangential blowing the wing reached a stall condition near 
an angle of attack of 30 degrees; however with the advent of tangential blowing, angles 
of attack near 60 degrees were realizable. This is a significant gain. However the 
technique really does not address the question of vortex breakdown. Where the vortex 
breaks down at a=60° is not certain. Although encouraging results are realized, the 
notion of controlling the position of vortex breakdown is not addressed by this 
technique. 
A technique that does try to directly influence vortex breakdown location is the 
jet blowing scheme used by Shi, Wu, and Vakili. Here a small jet, as seen in figure 4b, 
is moved to a variety of locations in hopes of delaying vortex breakdown. Three of the 
more interesting scenarios were the forward, rearward, and tangential jet blowing. The 
results of forward jet blowing, although not suprising, were interesting. As expected, 
forward blowing caused the vortex breakdown location to move upstream rather quickly, 
using very small momentum coefficients. Rearward blowing resulted in rearward 
movement of the vortex breakdown location to the trailing edge. Blowing tangential to 
the vortex core also resulted in movement of the breakdown location rearward. 
Although vortex control was realized by this technique, very high momentum 
coefficients were necessary in order to obtain satisfactory results. Momentum 
coefficients on the order of Cµ=5 were not uncommon. Additionally, the results did 
7 
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show a movement of the breakdown location rearward; however rarely did the 
breakdown postition extend to the trailing-edge. 
Another direct blowing jet technique was researched by Visser, Iwanski, Nelson 
and Ng (1988). Figure 4c illustrates the experimental apparatus used. Although not 
very different in concept from the wing used by Shi, Wu, and Vakili, surprisingly 
different results were obtained. Visser et al. found that placement of the jet close to the 
leading-edge, and parallel with it led to optimal results, while Shi et al. found placement 
inboard of the leading-edge to be best. Movement of the vortex breakdown location 
beyond the trailing edge was routine. Momentum coefficients, while similar in definition 
to Shi, Wu, and Vakili, were consistently lower. Results were obtainable down to 
Cµ=0.002, much lower than the other research efforts mentioned. 
The experiment described in this body of work hopes to take advantage of a 
suction technique in order to control vortex breakdown location. Localized suction 
would appear advantageous for two reasons: it alleviates the adverse pressure gradient 
immediately behind the breakdown location, and it accelerates the axial flow of the 
vortex core. As stated earlier, Sarpkaya has found that adverse pressure gradients 
enhance the onset of vortex breakdown. Removing the pressure gradient will hopefully 
lead to a delay in breakdown. Additionally, localized suction works to accelerate the 
axial flow of the vortex core, thus reducing the swirl angle of the flow and prolonging 
vortex breakdown. 
Delaying vortex breakdown, and forcing it to occur beyond the trailing-edge is 
important because of the positive relationship established by Hummel and Srinivasan 
between lift and vortex stability. Allowing the vortex to break down on the surface of 
the wing creates a significant loss of lift. The turbulent flow that follows vortex 
breakdown does not have high enough velocity components in order to provide lift. 
Additionally, the suction technique allows for a greater degree of control in vortex 
breakdown. This is significant not only in terms of lift, but also in terms of overall 
stability of the wing. Wing rock, and the question of asymmetric vortex breakdown is 
more easily addressed by the suction technique than the blowing techniques. Finally, 
the suction technique proves to be relatively efficient. Relatively low momentum 
coefficients are used, in comparison with those of the Shi, Wu, and Vakili jet blowing 
technique. 
8 
---.. 
i 
. . ~ 
i I 
\ 
i 
i' 
I 
) 
Chapter 2 
Description of Prototype and Experimental 
Method 
The experimental apparatus used in this study has a variety of components, all 
of which are rather intricate and detailed. The total system may be divided into three 
sub-systems: ( 1) delta wing system; (2) suction probe system; and (3) flow visualization 
system. A thorough description of the manufacture and operation of each of these 
systems follows. 
2.1 Delta Wing System 
2.1.1 Delta Wing Manufacture and Assembly 
A sandwich design was used in the construction of the dye injection delta wing. 
Two distinct parts are laminated together to form a single wing. The base of the wing 
is machined out of transparent 1/2 inch thick polycarbonate Plexiglas stock, while the 
top plate is only 1/8 inch thick and made of the same material. Initially the base is cut 
slightly oversized to the overall dimensions shown in figure 6. In the machining of the 
wing, it is crucial that the trailing-edge be milled exactly perpendicular to the intended 
centerline to insure dimensional integrity. Dye channels 1/16 inch square are then 
carefully milled into the base of the wing along the centerline. The main dye channel 
extends 6 inches from the trailing edge along the root chord. At that point the dye 
channels are then reduced, to 0.030 inch in size and routed to the complementing dye 
.: ; 
ports in the top plate. It is necessary to reduce the dye channels to the smaller size in 
order to avoid the possibility of cutting through the bottom of the wing. 
The top plate is cut to the same overall dimensions as the base, and bonded to 
the base using either acetone, or plastic cement. This proceedure must be done with 
g:rreat caution, as it is vital not to block the dye channel/ with excess cement. It is also 
' 
critical to get a strong and even bond or the dye channels will develop leaks in 
operation. Two dye ports of 1/64 inch diameter are drilled into the top plate of the 
wing as shown in figure 6. 
9 
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The laminated wing is now milled to exact dimensions. A 40 degree bevel is 
machined along both leading-edges. In bevelling the edges, the apex must be handled 
with extreme care, as it is only a few thousandths of an inch thick, and is very fragile. 
The slot for a sting to mate with the wing is cut 5/8 inch thick by 3 inches wide by 1/2 
inch deep as in figure 6. Four 10-32 x 1 inch holes that will fasten the sting to the dye 
wing are drilled and tapped into the trailing-edge of the wing. In order to facilitate the 
injection of dye into the body of the wing, a 1/8 inch counter-sunk hole is drilled at the 
centerline of the trailing-edge into the dye channel. 
Stock brass rod 3/8 x 12 inches is used to construct the sting. A 1/8 inch slot is 
of the rod. This slot will accomodate the dye feed line. This feed line 
consists of 1/1 inch O.D. x 13 inch brass tubing cemented into the slot in the brass 
rod. The rod i7 mated to the wing using a brass block 5/8 x 1/2 x 3 inches drilled with 
' 
four holes and counter-sunk to allow for four flat head 10-32 machine screws. A 3/8 
inch dye injection hole must also be drilled in the brass block to allow the rod to pass 
through the block and into the wing. Finally, the brass block is soldered to the rod to 
make one solid piece. Great care must be used in soldering the two pieces in order to 
preserve critical dimensions in the wing assembly. Cement has also been used to with 
success to join the two pieces, because there is no heat to add to the dimensional 
distortion as there is with soldering. 
2.1.2 Wing Stand Manufacture and Assembly 
In order to mount the dye wing in the channel, an appropriate stand must be 
made. The stand used in this experiment is a rather simple one. Consisting of only four 
major parts: the base, stem, yaw block, and pitch block. It is a very effective and 
flexible design. Brass is used in the construction for both its weight, and its inherent 
anti- corrosion properties. 
As seen in figure 7 the base of the wing stand consists of a 5 inch circular block 
of brass 1 1/ 4 inches high. A 1/2 inch threaded hole tapped in the center of the disk is 
used to hold the stem. The entire base is covered with a rubberized coating to protect 
against corrosion. The large mass of the base is necessary to stabilize the dye wing at 
higher channel velocities. The stem is simply a 14 inch long x 1/2 inch diameter rod 
with one end threaded to match the base of the stand. 
10 
A block of brass 2 x 2 x 7 /8 inches is used to construct the yaw block. As 
shown in figure 7, a 1/2 inch hole is drilled through the entire block and a slot 1/8 inch 
wide is centered along the front of the block intersecting the 1/2 inch hole. This slot 
allows for deflection of the block which makes securing of the yaw block with a 1 inch 
thumb screw much easier. 
The pitch block is also made of a block of brass, but its dimensions are 1 x 3/ 4 x 
2 inches. There is a 3/8 inch hole allowing for the sting of the dye wing to pass 
through, thus the sting may be adjusted to any length. Again a 1 inch thumb screw is 
used, this time as a pivot for the pitch block to attach with the yaw block. An 
additional 7 /8 inch thumb screw is provided for securing the sting to the wing stand. 
The wing stand allows for height adjustment, as well as adjustment in the 
,· 
streamwise and crosstream directions, since the base may be placed anywhere in the 
channel. It also provides for movement along the pitch, yaw, and roll axes. Th us all six 
degrees of freed om are represented. 
2.1.3 Dye Injection System 
This system allows for a great deal of flexibility in that a variety of options are 
possible. Consisting of only a metering valve, a reservoir, and connecting tu bing the 
system is sim pie to modify. Dark blue 1.2% water based dye is used for flow 
visualizaton because of its sharp contrast when recorded on black and white speed video 
systems. 
The reservoir is a two quart container suspended at least two feet above the test 
section with a rubber stop mounted in the bottom opening. The stop has a 1/8 inch 
Tygon flexible tube running through it and connecting to the metering valve. 
It is important to use a very precise valve in this application in order to closely 
monitor the flow rate of the dye. The dye flow rate is critical for obtaining clear flow 
visualization images. In this experiment a Nupro metering needle valve was used 
because of its precise control, and wide range of flow rates. The dye then passes 
through another section of Tygon tubing where it connects the the end of the sting. 
Two to three feet of head are sufficient for driving the dye injection system. 
Once the dye enters the sting it passes through the brass feed line, and is 
injected directly into the body of the delta wing. There it is guided by the dye passages 
11 
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inside the wing to the apex where it finally is injected into the flow through the ports on 
the top of the wing. Care must be taken to keep air pockets from developing inside the 
system, as they can cause interruptions in the flow visualization, and can be difficult to 
remove. 
2.2 Suction Probe System 
.. 
2.2.1 Suction Probe Manufacture and Assembly 
A number of factors had to be considered in the construction of the suction 
probe. Considerations such as corrosion resistance, cracking and leakage, flexibility in 
positioning the probe, and rigidity. Brass tu bing satisfied all of these criteria very well. 
Brass is inherently anti-corrosive in nature, and has the rigidity needed to maintain the 
probe stationary at higher flow velocities. Standardized brass tubing parts are easily 
obtained, and make construction of complex geometeries possible. Additionally, 
soldering of brass tubing provides a very tight seal which resists cracking and leakage 
very well. 
As shown in figure 9 the probe is comprised of three main sections of tu bing: the 
main stem, the transverse tube, and the inlet section. The main stem of the probe is 
made of 32 inch x 3/8 inch diameter tubing, while the transverse tube is 13 inch x 3/8 
inch diameter. A mounting block made of aluminum is used to secure the probe to the 
traversing mechanism. 
Construction of the inlet_ section is somewhat more involved. It must be reduced 
from a 3/8 inch O.D. down to a 1/4 inch I.D. at the mouth of the section. In order to 
accomplish this, four different sections of overlapping tubing were soldered together to 
form one solid piece. The successive sections of tubing differed by 1/32 inch I.D. and 
therefore fit snugly within one another. Each section is 3 inches long where only 2 1/2 
inches were needed for the four sections to arrive at a total length of 10 inches. At least 
1/2 inch of overlap was allowed to give the section support and strength. Soldering 
provided a very strong and water tight bond between the sections of tubing. 
Three standard 90 degree, 3/8 inch compression fitting joints were used at all 
tube i~ntersections. These joints provided for tremendous flexibility, and adjustment. 
Additionally, different sections of tubing could be substituted until the correct lengths 
12 
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were found to optimize flow parameters. Without the use of 90 degree joints 
construction of the probe would not have been possible. 
The mounting block consists of three different parts: the back, the clasp, and 
the overhang. Its function is to provide for an easy method of attaching the suction 
probe to the traversing mechanism. Of primary importance was the ability of the block 
to adjust the height of the suction probe, as well as the yaw of the probe, and be easily 
removable. 
The back is constructed out of a 1 3/8 x 1 5/16 x 2 inch aluminum block. A 
semi-circular hole of 3/8 inch machined along the centerline of the to allow for clearance 
of the main stem. The clasp has a 3/16 inch groove cut at a 45 degree angle to guide 
the main stem into the base. Four 8-32 x 1 inch machine screws hold the clasp securely 
against the back while gripping the suction probe. The overhang piece provides for the 
securing of the mounting block to the traversing mechanism. Once again four 8-32 x 1 
inch machine screws hold the 2 1/2 x 1 5/16 x 1/4 inch overhang to the base of the 
mounting block. 
2.2.2 Traversing Mechanism 
The traversing mechanism is somewhat involved. Its function is to allow precise 
movement of the entire suction probe assembly in both the streamwise, and crosstream 
directions. Thus two degrees of freedom are realized. , In this mechanism movement was 
permitted to within 1/32 of an inch. It too is comprised of several major parts: the 
frame, the Y slider, and the X slider. This piece of equipment is made entirely of 
aluminum because of the need for non-corrosive materials in the water channel. 
Two 16 x 3/8 x 2 inch plates of aluminum make up the side supports of the 
frame, while the end plates are 7 x 3/8 x 2 inches. Each corner is secured by two 8-32 x 
3/4 inch flat head machine screws. Running the length of the frame are two 1/2 inch 
solid rods that make up the main rails of the mechanism as seen in figure 10. These are 
heat shrunk into place at the end plates. Great care must be used in the construction of 
the frame. If dimensions are off just slightly the mechanism will jam and not perform 
satisfactorily. 
The Y slider is made of two 3 1/4 x 1 1/2 x 1 inch side blocks that run along the 
main rails of the frame. They are mounted to a cross-plate that measures 7 x 1 1/2 x 
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1/4 inch and are also secured by two 8-32 x 3/4 inch flat head machine screws at each 
block. Connecting the blocks at the top are two 1/4 x 7 inch rods that are heat shrunk 
into place also. Finally the X slider is mounted on the two secondary rails. It is simply 
· a smaller piece of aluminum 1 x 1 x 1 1/2 inches. This allows the mounting block to 
attach to the traversing mechanism. A 3 inch "C" clamp is used to secure the mounting 
block to the X slider, allowing for easy disconnection. 
2.2.3 Pump System 
A number of criteria determined pump selection. Factors such as a variable 
speed motor, a self-priming design, the correct operating flow range, corrosion resistance, 
and flexibility in design all had to be met. Pump selection was very difficult not only 
because of the limited number of manufacturers making pumps in this flow range, but 
also because of the many requirements it had to satisfy. 
A variable speed pump was used in order to facilitate a wide variety of flow 
velocities. In this experiment, a Cole-Parmer Masterflex pump was choosen with a range 
of 0.12 Gal/min ( 400 ml/min) to 0.48 Gal/min (1900 ml/min). Self-priming pumps are 
advantageous because it is not necessary to maintain a positive head at all times. This 
provides for flexibility in placing the pump, and allows it to be exterior to the flow. 
The possibility of corrosion in the channel is ever present, and great pains are 
taken to insure that the channel is free of debris and rust, while at the same time 
experimental equipment is not exposed to damaging elements. This requires careful 
selection of all the suction elements, but most important is the pump. Construction of 
the pump is such that the operating fluid never comes into contact with the moving 
parts. The Masterflex pump has a unique design that allows pumping of the fluid 
without it leaving the Tygon tubing. This isolates the fluid so it never comes in contact 
with sensitive parts of the pump. 
/ 
2.3 Flow Visualization 
Tracking events in the test section of the channel would be nearly impossible 
without the advent of modern video equipment. In this experiment, a Videologic Instar 
video system was employed. This system allows recordings to be made at the rate of 
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120 frames per second. Such high speed is ne~ssary in order to obtain clear images of 
the flow structure under study. A good deal of ingenuity went into placing the camera 
in order to optimize the resulting images. Figure 11 illustrates how the camera was 
mounted above the channel in order to get a plan view of the flow structure. 
Illumination of the channel was achieved using a Videologic LS-900 syncronous 
strobe light. This particular strobe is rated at 2000 watts, and was matched to the 
video system in order to capture detailed events in the flow. Images appear "frozen" to 
the camera using a strobe, thus enhancing image quality. Ordinary incandescent 
lighting is not sufficient for flow visualization recording because of the speed at which 
events take place in the channel, blurring occurs and image clarity is lost. Dealing with 
high magnification zoom lens only exacerbates the the problem, thus the necessity for 
strobe lighting. 
Hard copies of the flow visuaization are obtained using still photography. 
Images are recorded directly from the video screen using a tripod and camera. Once the 
desired scene is located on the video tape a sequence of photographs is taken frame by 
frame. A Nikon F3 35mm camera and standard 50mm lens are used with ASA 400 film 
for taking the photographs. Care must be taken not to jar the camera as the photos 
are being taken. An auto winder and exterior trigger are used to insure against outside 
vibrations. The still photographs are then cataloged, cut to size and mounted on 11 x 
17 in sheets of paper. Once the photos are mounted and formatted they are ready for 
photocopying and publication. 
Dye injection was employed in visualizing the flow for a number of reasons. 
Although a hydrogen bubble/laser illumination technique was originally attempted, it 
was eventually abandoned. Using hydrogen bubbles to mark the flow proved insufficient 
for tracking the vortex breakdown location in this application. The markers were faint 
and hard to discern, and could not distinctly show breakdown location. A new 
technique was needed. 
Dye injection was the next technique explored in this application. A wing was 
constructed that allows direct injection of dye into the core of the leading edge vortex. 
The dye is immediately trapped in the vortex, and remains there until it a transition to 
turbulence occurs. The very structure of the vortex works to the advantage of the dye 
method because there are two distinct regions in the flow. It is possible to clearly mark 
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the location of the vortex, because very little interaction occurs between the two regions 
of the flow. Although a special wing and dye injection system had to be made, this 
method proved to be far superior to the hydorgen bubble method. 
2.4 Experimental Flow Channel 
The test channel used in this study is one of the largest of its kind. Made 
entirely of Plexiglas, it is capable of accomodating up to three separate experiments at 
one time. With a maximum free stream velocity of 25 cm/sec (Lotfy 1988) the channel 
provides a great deal of flexibility in designing experiments. Not only is it well suited for 
dye injection experiments, but when matched with an Argon laser, it is ideally suited for 
doing investigations using a hydrogen bubble flow visualization technique. This 
capability makes the flow channel that much more valuable, and useful. The test 
section has the dimensions 2 feet high by 3 feet wide by 15 feet long. 
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Chapter 3 
Experimental Results and Discussion 
The data compiled here is broken down into several areas of interest. An 
introduction to the concepts involved with the suction technique is provided. The 
second section discusses the various modes of vortex breakdown. The next section deals 
with the response time of the vortices, while the fourth section handles the hysteresis 
effect. Finally, the last section investigates the optimal probe location. 
3.1 Experimental Concepts 
A few interesting concepts emerge from the many hundreds of feet of video tape 
recorded in this experiment. The concept of response time of the vortex breakdown 
location to applied suction, and the hysteresis effect observed in the position of vortex 
breakdown are vital to the understanding of this experiment. Additionally, the 
breakdown phenomenon itself occurs in very discernable patterns, which help to explain 
its behavior. However fundamental definitions must be introduced first. 
The momentum coefficient Cµ represents a ratio of the momentum of two 
particular flows. Taking the ratio of the suction flow, to the overall flow about the delta 
wing, the momentum coefficient is derived. Th us the definition of 
Cµ=[V p/U 00] 2*[Ap/ Aw] is complete, and is very analogous to the definition used by 
"' 
Wood and Roberts (where V p would be the velocity of the jet, and Ap would be the 
area of the wing slit). In this experiment Cµ ranged from a low of Cµ=0.04 to a high of 
Cµ=0.76. 
The momentum coefficient is an increasing function of the rpm of the pump used 
in this experiment. This is due to the fact that U 00 , Ap, and Aw are all constants. The 
free stream velocity was not varied, and a Reynolds number of Re=U 00 C/v=31,000 was 
maintained constant. Thus the only variable in the momentum coefficient was V p the 
velocity at the inlet of the suction probe. Figure 18 illustrates that Cµ is an increasing 
function of VP· 
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The response time of the breakdown position is defined as the elapsed time 
between the onset of suction, and the instant the vortex breakdown enters the suction 
probe. The response time is referred to as Tau or t*, where t*=tU00 /C, and t is the 
response time in seconds. Although response times of t* = 10 were observed at low I 
suction rates, response times oft*< 3 were much more common. 
In order to accurately describe the location of the suction probe at various points 
on the delta wing, a coordinate system was devised. Defining Xp as the perpendicular 
distance from the apex to the inlet of the suction probe, a suitable streamwise 
coordinate is derived. Likewise, Y P is the perpendicular distance from the root chord to 
the inlet of the probe. Additionally, <Pp is the angle measured from a horizontal to the 
centerline of the suction probe. Thus at a given angle <PP and coordinates xp/C, and 
yp/b a probe location is fully defined. Figure 12 illustrates this coordinate system. 
Similarly, xb, Yb, and <Pb are the coordinates used to define the location of leading-edge 
vortex breakdown. The reference point is defined as yp/b=0.67, and xp/C=l.O. 
The angle of attack was maintained constant at a==35°; the Reynolds number 
was maintained at Re=3.l x 104 • Under these conditions the leading-edge vortex was 
observed to naturally maintain a breakdown angle of <Pb=80°, a streamwise coordinate 
of 'xb=0.45, and a crosstream coordinate of yb=0.67. Thus the suction probe was 
maintained at a angle of ¢p=80°, while Xp, and y p were varied. 
The objective of this study was to investigate and optimize the suction probe 
location. Thus the scope of the experiment was to vary the probe location in both the 
streamwise and the cross-stream directions and record the vortex response times in order 
to achieve that objective. An angle of attack of 35° was chosen because of the 
pronounced leading-edge vortex developed at that angle. Additionally this angle of 
attack is considered to be the beginning of the high angle of attack region for a delta 
wing of this geometry, thus warranting more investigation. The angle of attack was not 
varied because studies by Magness (1987) have exhaustively examined the relationships 
between angle of attack and vortex breakdown location. Likewise the Reynolds number 
was not varied either, as this too has been investigated previously. // 
' 
Four very different and interesting aspects were observed after reducing all of the 
raw data and assimilating it. As theorized previously, there are two distinct modes of 
breakdown observed in this experiment: the bubble mode, and spiral mode. Also of 
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interest is the response time of the breakdown location to a given forced input, namely 
an induced suction. Hysteresis is a predominant feature of leading-edge vortex control, 
and varies widely with the momentum coefficient. Lastly, the suction probe location has 
a tremendous effect upon the performance of the suction technique. These four areas 
are the ones that deserve the most consideration and further study in order to 
understand vortex control via suction techniques. 
3.2 Modes of Vortex Breakdown 
Observing leading-edge vortices and the manner in which they become turbulent, 
two distinct variations become obvious. The first is the so-called bubble mode of vortex 
breakdown. This has been observed in many experimental studies of delta wings, but is 
not entirely understood. The second is the spiral mode of vortex breakdown, and again 
this has been observed in the study of delta wings, but is also ill understood. The 
bubble mode is a very sudden "bursting" of the vortex core into an entirely turbulent 
flow. It is very symmetrical in nature, and resembles a bubble attatched to the end of 
the vortex. The spiral mode breakdown however is not nearly as sudden. It resembles a 
stretched spring as it unravels slowly, and transforms into a turbulent flow. The spiral 
mode seems to spiral out of control until the flow is fully turbulent. 
These two modes of breakdown were clearly observed in this experiment. As 
seen in figures 13 and 14 elements of the bubble and spiral modes are present., Figure 
13 illustrates a predominantly bubble mode of breakdown, while figure 14 represents the 
domination of the spiral mode. 
In figure 13, frame 1 shows the flow just after the suction has been applied, while 
the breakdown location is still out of view. The flow is very turbulent downstream of 
breakdown, and shows very little organization. In frame 2 breakdown is observed just 
entering the field of view, again the flow is fully turbulent just after breakdown, but 
transition from the spiral mode to the bubble mode is occurring. Frame 3 illustrates 
how the turbulent flow is capt~red by the suction field at the tip of the probe. 
Although the turbulence covered a much larger area in frame 1, by the time there is 
response to the onset of suction as indicated in frame 3, the entire tJrbulent portion of 
the flow is captured by the suction field. 
; 
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It is not until frame 4 that the bubble mode of breakdown is realized. Here the 
flow has formed a "bubble" right at the point of breakdown, and is turbulent after that 
point. This bubble is very symmetric about the vortex core axis. Frame 5 illustrates 
how strong the suction field is. After the flow bursts into turbulence, the flow is re-
organized by the strength of the suction field. This is very interesting, and deserves 
further consideration. In frame 6 the flow retains the bubble breakdown feature, 
however, the flow just beyond the breakdown location is re-organized, and appears 
laminar again. Frame 7 illustrates a vortex that has been fully captured by the suction 
fiel.d of the probe. 
The bubble mode of breakdown occurs in two general situations. The first is the 
phenomenon we see here, namely the vortex looking as if it has once again organized 
into a cohesive flow beyond the breakdown location. The other situation where bubble 
mode breakdown occurs is when the magnitude of the suction field is very low. This is 
seen when the pump is. suddenly turned on, and the flow has not had time to react. It 
also is seen when the pump is suddenly turned off, and the vortex leaves the suction 
probe. 
An excellent illust~;tion of the bubble mode occurring after the pump is turned 
off is seen in figure 15c. Here we see the hysteresis of the vortex breakdown. Figure 15b 
shows what happens just after the pump is turned off, and the ensuing chaos in the flow. 
Figure 15c however, shows the flow once it has settled down. Frames 1 through 3 
illustrate the struggle of the flow to reach the bubble mode. It is in transition, from the 
spiral to bubble mode in the first three frames. By frame 4 the bubble mode has been 
established, and remains established. 
In the bubble mode the vortex breakdown location moves slowly relative to the 
movement in the spiral mode. Frames 5 through 7 bear this out. There is very little 
movement of the breakdown location in the time between frames. ,,However looking at 
frames 1 through 4 substantial movement is seen in the same time scale. This 
phenomenon has been observed many times, and may be seen again in figures 16b and 
17b. Bubble mode breakdown leads to very slow steady movement of the breakdown 
location while the spiral mode breakdown is associated with faster movement of 
breakdown location. 
The spiral mode breakdown is well illustrated in figure 14. At the onset of 
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suction in frame 1 the flow is very turbulent, but is shows a definite spiral pattern. In 
frame 2 the breakdown location is just out of view to the left, and the turbulent portion 
of the flow beyond breakdown becomes narrower. Frame 3 is an excellent illustration of 
the spiral breakdown. In frame 5, the flow begins to develop a bubble as before; due to 
the strength of the suction field near the probe, it tightens the spiral into ~ kink that 
resembles a bubble. However, frame 6 shows that the spiral remains intact right up to 
the probe entrance. Finally the last frame illustrates the vortex being captured in the 
suction probe. 
The spiral mode of breakdown is associated with moderate momentum 
coefficients, unlike the bubble mode which is usually seen at very \lJgh momentum 
coefficients and very low momentum coefficients. Initially when the pump is turned off 
the vortex goes into a spiral mode of breakdown, then once the flow settles, it transf6.s 
into a bubble mode of breakdown. This can be seen in figures 15b and 15c. 
The speed with which the breakdown postition travels is usually higher in the 
spiral mode, or in the bubble mode under high momentum coefficients. High momentum 
coefficients would understandably produce the greatest movement in breakdown 
location, but it is interesting that spiral breakdown also leads to fast movement in 
breakdown location. 
3.3 Response Time 
I 
The response time of the vortex to a given suction input is simply how far down 
the chord of the wing the breakdown location travels in a given amount of time. 
Knowing how quickly a given vortex will respond to· suction helps quantify the technique 
and allows comparison to other methods of leading-edge vortex control. ~easuring 
distance xb/C, and time as t*=t U 00 /C , the concept of response time is derived. 
In figure 19, the breakdown position is plotted versus time, for a low momentum 
coefficient. Here three distinct regions are seen: the region first being O<t* <4, the 
• 
second is 4<t* <8, and the last is 8<t* <14. In the first region, very slow movement is 
seen in the breakdown location. This is due to the flow just starting to respond to the 
applied suction input. Bubble mode breakdown is prevaleAt in this region of the flow. 
The next region is where substantial movement of the breakdown location can be seen. 
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This region is controlled by the spiral mode of breakdown. Finally in the last region of 
the flow there is once again a stalling of the breakdown location. It appears to remain 
stationary, and even move upstream for a moment. This is very often the case at low 
momentum coefficients. The vortex experiences just enough applied suction to stabilize, 
but it is very difficult for the vortex to be captured by the probe. It is in this region 
that the bubble mode of breakdown again predominates. Finally, after a time period of 
t*=6, the vortex is entirely captured by the probe. 
A moderate momentum coefficient is represented in figure 20. Here by increasing 
the momentum coefficient a bit we see substantially higher response rates. In this case 
the vortex was captured by the probe in a time period of t*==5. Initially, there is 
evidence that the flow requires some time to respond to the applied suction, but once it 
does respond, it travels rapidly to the trailing-edge. Initially\' the vortex breaks down in 
the bubble mode, but once the vortex begins to move, it quickly transforms to the spiral 
mode of breakdown. 
At high momentum coefficients, as in figure 21, the same • scenario applies . 
Initially, the flow takes time to respond to the sudden applied suction input, but 
thereafter, the vortex quickly responds by moving right to the trailing-edge of the wing. 
At these higher momentum coefficients there is no delay when the breakdown reaches 
the inlet to the probe as there is at lower momentum coefficients. The vortex is sucked 
directly into the probe, without hesitation. 
These same trends are evident in the flow visualization photographs. As seen in 
figure 13, in frame 1 the initial onset of suction has very little effect on the flow; 
thereafter the flow responds very quickly to the applied suction. There is no hesitation 
as the vortex enters the suction probe at this high momentum coefficient. Figure 14 
illustrates the same process again at a moderate momentum coefficient. Here too there 
is no hesitation at the inlet to the suction probe. 
Looking a;t figure 17 a, however, this phenomenon of hesitation right at the inlet 
to the suction probe is seen. The vortex in frame 5 is about to enter the probe, but it 
does not. Again,: in frame 6, the same thing happens, and finally in frame 7, the vortex 
is captured. In this case, the i/esitation was not due to a low momentum coefficient, but 
r-1 
rather due to offset of the suction probe. The cause is not as important as the fact that 
in certain situations the vortex breakdown has a great deal of difficulty actually entering 
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the suction probe. This happens in situations where the momentum coefficient is low, 
and when the offset of the probe is at the limits of the suction technique. It is rather 
interesting that the suction field can force the vortex breakdown to occur right outside 
the inlet to the probe, but in some cases requires a great deal of time to actually capture 
the vortex breakdown. 
3.4 Hysteresis Effect 
Hysteresis occurs when a system responds to some exterior forcing function, but 
does not follow the same path upon returning to its original state once the exterior 
force is removed. In this study, when the suction is removed, the vortex follows a 
completely different path in returning to its original location. 
Figure 19 represents an excellent exam pie of hysteresis in vortex breakdown 
location. The breakdown location follows an irregular path towards the trailing-edge, 
however once the suction is removed, the breakdown position travels very quickly up-
stream, and settles at xb/C=0.45. It takes a time period of t*=14 to get the breakdown 
to occur at the trailing-edge, yet by t*=8 the breakdown location moves right back to 
where it started, and along a completely different path. This is the most dramatic 
example of hysteresis. It occurs because the momentum coefficient is so low in this case. 
The applied sll_~tion used to bring the breakdown location back is much' smaller in 
-
magnitude than the natural tendency to remain at its original location. 
Another example of hysteresis is seen in figure 20. In this case, a more moderate 
momentum coefficient is used. With Cµ=0.45 the time period necessary to bring the 
breakdown to the trailing-edge is substantially less. Here, by t*=4, the vortex is 
captured by the probe at the trailing-edge. Compared to the previous example there is 
no hesitation, or wandering of the breakdown location. The vortex breakdown follows a 
very direct path, whereas before it stalled at two different locations. After the suction is 
turned off the vortex follows almost the same path as it did under suction. This would 
imply that the applied suction is well matched to the natur~l tendency of the vortex 
breakdown. 
In figure 21 the last example of hysteresis is seen. Here a high momentum 
coefficient was used in order to force the breakdown to occur at the trailing-edge. The 
23 
,, 
I 
vortex is captured by the probe in a time period of t*=2. As seen in the last example 
the vortex takes a time period of somewhere between t·==4 and t·==6 to return back to 
its original location once the suction has been removed. In this case the applied suction 
is greater than the natural tendency of the vortex to return to its original location. The 
suction probe has overpowered the flow field. 
An excellent example of the hysteresis process is shown in figures 15a, 15b, and 
,/ 
15c. Figure 15a illustrates, at a high mometum coefficient the first part of the cycle, the 
capture of the vortex by the probe. This happens relatively quickly, in a time period of 
t*==l.46. The next figure shows what happens when the suction is removed. Frame 1 
shows the vortex just leaving the probe, and the next three frames illustrate how the 
vortex is violently forced out of the probe. Not until frame 5 does the vortex begins to 
recover from the sudden removal of suction. At this point the vortex enters the spiral 
mode of breakdown in an attempt to recover. The final figure of the series shows the 
vortex beginning to settle into the spiral mode, and transfer into the more stable bubble 
mode of breakdown. Once the bubble mode is achieved, the vortex stabilizes, and 
steadily moves upstream back to its original location. In this case, the vortex will most 
likely settle at xb/C=0.45. 
Another illustration of the hysteresis process is seen in figure 16b. This series of 
photos is taken with the probe offset at yp/b~0.77. Frame 1 shows the violent exit of 
the vortex from the probe, however in this case it is not nearly as turbulent as before 
simply because the probe is not directly behind the vortex. Here the vortex recovers 
much more quickly, entering the spiral mode almost immediately. In frame 4 the vortex 
has already transferred into the bubble mode of breakdown, and will proceed upstream 
until it reaches its original location. One oddity in the series is the transfer back into 
the spiral mode in frames 6 and 7. 
The last illustration of hysteresis is in figure 17b. Again the same process takes 
place. The exiting of the vortex from the probe is not nearly as violent as before, 
because the pro·be is located at yp/b==0.87, much farther away from the vortex core 
than in the original case. In frame 3 the vortex enters the spiral mode, and almost 
immediately transfers to the bubble mode of breakdown. The remaining frames show 
the progress of the vortex in the bubble mode. Once again the majority of the 
movement occurs in the spiral mode, while the slow steady movement happens in the 
bubble mode. 
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3.5 Effect of Probe Location 
Moving the probe in order to find the optimum location for probe placement was 
one of the original goals of this study. Finding out how performance varied with probe 
location is rather interesting, and of importance if the suction technique is to be fully 
understood. The probe coordinates are defined in figure 12. A probe angle of ¢p==80° 
was maintained through out the study; slight deviations in the probe angle resulted in 
no permormance at all. The suction technique is very sensitive to the angle at which the 
probe is in relation to the vortex core. It must be at the same angle for the probe to 
work at all. 
Two different cases were examined in this portion of the experiment. The first 
was variation of the location of the probe along the Xp axis. Taking increments of 
xp/C==0.1 and using the trailing-edge as a reference point, the probe was moved to 
xp/C=0.8, 0.9, 1.0, 1.1, and 1.2. The next step was to see what effect probe variation 
along the Yp axis might have. In order to investigate this aspect the probe was moved 
to Yp/b==0.47, 0.57, 0.67, 0.77, and 0.87. The position of yp/b==0.67 was used as a 
reference point because vortex breakdown naturally occurs at this location. 
Figure 22 illustrates the amount of time required to force the vortex back to the 
suction probe at its various chordwise locations. A few very interesting trends are 
observed in the graph. As would be expected, the time required to capture the vortex 
increases as the probe is moved downstream. Another interesting trend is the fact that 
as the probe is moved downstream, the difference in response time increases. At a 
position of xp/C=0.8 there is very little difference in the response time between 
momentum coefficients, however as the probe is moved downstream, the time difference 
grows until finally at xp/C==l.2 the time spread is t*==5. This illustrates the decreasing 
effectiveness with downstream probe location at lower momentum coefficients. 
The effect of variation of the spanwise coordinate is shown in figure 23. Here the 
response time is plotted versus position along the span of the wing. Again, a few trends 
are noticeable. In general, as the probe is moved away from its reference point the 
capture time increases, however one exception is worthy of comment. At a position of 
yp/h=0.57 the capture time at most momentum coefficients actually goes down. This is 
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very interesting, and implies that the most effective place to locate the probe is slightly 
inboard of the vortex path, and not directly behind it. Although the effect is slight, it is 
true for four of the five momentum coefficients studied, and therefore cannot be ignored. 
Just as happened in the previous example, the difference between response times 
increases as the probe is moved farther away from the reference position. Again this 
illustrates that the suction technique is not as effective at lower momentum coefficients. 
The response time versus momentum coefficient chart in figure 24 shows 
interesting trends, at yp/b=0.67, the curve follows a smoothly decreasing line as would 
be expected, however offsetting the probe slightly, and moving it inboard to yp/b==0.57 
has little effect. Initially, it requires more time for the vortex to respond, as seen at 
Cµ=0.035; however at all higher momentum coefficients there is virtually no difference 
between the two curves. In fact upon careful observation, there is confirmation of a 
point brought up earlier: by moving the probe slightly inboard the response times 
actually improve. This was seen before in figure 23. Now focusing on y p/b==0.4 7 
unpredictable results are seen. The response time gets slightly better with increasing 
momentum coefficient, then it gets worse. This is to be expected. At a position of 
y p/b==0.4 7 the suction technique is pushed to its limit. 
The very same trends are evident in figure 25 when the outboard side of the 
vortex is examined. Again, a plot of response time versus momentum coefficient is 
given. The position y p/b==O. 77 gives rise to response times that are generally very close 
to those of the reference point yp/b=0.67. The point at Cµ=0.035 is way off the mark, 
but this too proves a point raised earlier, that at low momentum coefficients it is very 
difficult to exert control over the vortex from a position other than the reference point. 
' Here too we also see that at a position of y P /b=0.87 the limits of the suction technique 
are tested. The response times are larger, and generally do not follow a smooth curve. 
Turning now to the flow visualization photographs, figure 16a shows the 
sequence of events occurring at yp/b=0.77. The response time is not too different from 
that at the reference point for the same momentum coefficient (figure 13). Frame 7 
clearly illustrates how the vortex core deflects in order to be captured by the suction 
probe. This effect is exaggerated even more when the probe is moved farther out. 
Figure 17a shows the same sequence for a probe ··position of yp/b=0.87. Here frame 7 
shows it is nearly impossible for the probe to capture ~e vortex. The probe is simply 
too far from the vortex. It is also evident that the response time is nearly doubled. 
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This observation once again illustrates the fact that at positions y p /b=0.4 7, and 0.87 
the suction technique is at its performance limit. 
The final plot to be examined shows response time versus momentum coefficient 
for different positions along the chord. Figure 26 illustrates trends that are very much 
expected. The farther downstream the probe is located, the more time it takes the 
vortex to respond to suction. Additionally, the response time decreases for increasing 
momentum coefficient. However, it is interesting that the response time seems to level 
off somewhat at momentum coefficients higher than Cµ==0.335. No appreciable gains 
are realized after th at point. 
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Chapter 4 
Summary and Conclusions 
The control of delta wing leading-edge vortices by localized suction has 
uncovered some very interesting features in the structure of the flow field. One of the 
more interesting questions this study raises is the finding that the spiral mode of 
breakdown predominates during the movement of the vortex breakdown location. In 
general, however, elements of both bubble and spiral modes of breakdown were found to 
be present. 
Another interesting finding is the fact that response times for a probe location 
just inboard of the vortex are smaller than those when the probe is directly behind the 
vortex core. Although this effect is not dramatic, it is somewhat pronounced, and 
cannot be ignored. Perhaps by moving the probe inboard just slightly, the suction probe 
is more effective at removing the adverse pressure gradient that exists at that point. 
A third point of curiousity is the long response time involved with actually 
capturing the vortex core at lower momentum coefficients, or when the probe location is 
moved all the way inboard, or outboard. It is interesting, that the vortex responds 
relatively quickly to the initial input of suction in these cases, however it stalls upon 
reaching the inlet to the suction probe. It appears as if there is a great deal of energy 
required to actually capture the vortex, but not nearly as much energy needed to move 
the breakdown location just outside of the probe. 
One rather encouraging observation is the fact that a great deal of control was 
exibited over the hysteresis curves. As expected, the low momentum suction was not as 
strong as the natural tendency of the breakdown location to move upstream. Although 
it is encouraging that even at low momentum suction the vortex was moved to the 
trailing-edge. At moderate momentum coefficients the suction technique was equally 
matched with the natural tendency of the vortex. More importantly however, as high 
momentum suction was applied, complete control of the vortex over its natural tendency 
was achieved. The high momentum coefficient suction was able to predominate the 
flow. 
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With regard to probe location, it was surprising to see such a strong relationship 
between angle of the probe with respect to the vortex and the response time. If the 
probe was not at exactly the same angle as the vortex centerline, the technique simply 
did not work. This demonstrates the strongly directional nature of the suction probe. 
Lastly, it is interesting that when the suction probe is moved in the span wise 
direction, there is such a pronounced drop off in performance. In equal increments away 
from the vortex, the reponse time jumps dramatically at the farthest probe location. 
Perhaps once again this shows the strongly directional nature of the suction probe. It 
• 
may also be related to the location of the adverse pressure gradient. 
This study has conclusively shown that influence of the vortex breakdown 
location is possible, even at low momentum coefficients. It also identifies an inverse 
relationship between momentum coefficient and response time. Probe location is found 
to be optimized at a spanwise coordinate of yp/b==0.57, at xp/C==l.O for sweep angle 
• 
¢=75°. 
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Nomenclature 
Ap area of the suction probe inlet 
Aw area of the delta wing 
angle of attack 
\,'--) b semi-span of the wing r 
C root chord of the wing 
Cµ momentum coefficient ( =[V p/U 00] 2*[Ap/ Aw]) 
A aspect ratio ( =h 2 /S) 
<P leading-edge sweep angle 
<Pb sweep angle of the vortex core 
<Pp sweep angle of the suction probe 
<I> swirl angle ( =tan-1v /w) 
s surface area of the wing 
t* response time ( =t U 00 /C) 
t response time in seconds 
Uoo free stream velocity 
V vortex azimuthal velocity 
Vp velocity of the fluid entering the suction probe 
w vortex axial velocity 
xb chordwise coordinate of the breakdown location 
Xp chordwise coordinate of the suction probe 
Yb spanwise coordinate of the breakdown location 
YP spanwise coordinate of the suction probe 
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